Introduction
A detailed knowledge of the population structure of a species is key to understanding evolutionary history (Slatkin 1987) . This knowledge has direct impact on species management, ecology and conservation, in the implementation of genetic improvement programs (Grattapaglia and Kirst 2008) and in associating genes and traits (Pritchard et al. 2000) .
Eucalyptus globulus subsp. globulus Labill (Tasmanian Blue Gum) is native to southeast Australia, occurring naturally in Victoria and Tasmania, including the islands in the Bass Strait. The commercial value of the species prompted a seed collection in the late 1980s, which was considered representative of the species natural diversity throughout its area of distribution. Using this collection, and 35 quantitative traits such as flowering, growth and leaf morphology, it was determined that E. globulus has significant population structure, consisting of 13 races and 20 sub-races (Dutkowski and Potts 1999).
However, because many quantitative traits may be important in adaptation, patterns of relationship between the E. globulus races inferred from quantitative data may not accurately reflect the true genetic relationships between races, due to selection on the very quantitative traits used to infer relationships. Therefore, this structure was later studied using molecular markers, and the genetic affinities of races were further clarified (Steane et al. 2006; Yeoh et al. 2012) . Using eight microsatellite loci, Steane et al. (2006) detected that the native populations of E. globulus in south-eastern Australia were genetically diverse, and that the species had a highly structured genetic architecture. The genetic relationships among races of E. globulus correlated well with geographic location, in contrast to relationships previously inferred from quantitative genetic approaches. Using 16 microsatellite loci, D r a f t 4 (Eldridge et al. 1993; Potts et al. 2004) . Previous studies suggest that the Portuguese landrace has affinities with the southern/eastern Tasmanian race (Lopez et al. 2001; Freeman et al. 2007) . Eucalyptus globulus landrace material is now a major component of the breeding and deployment populations in Portugal (Eldridge et al. 1993; Araújo et al. 1997; Costa e Silva et al. 2005) , together with introduced germplasm of known Australian origin (Eldridge et al. 1993) . The area of origin within the native gene pool is an important issue as E. globulus is highly variable, and races have different traits of interest (Apiolaza et al. 2005) .
The aim of this study was to study the genetic structure of E. globulus, sampling populations from throughout its entire natural distribution, with SSR markers. Based on the results, the origin of individuals collected in Portugal and introduced in genetic improvement programs can be investigated, relative to the diversity and structure of the Australian population.
Materials and methods

Plant material sampling
The sample of 397 individuals of Australian origin aims to be representative of E. globulus natural diversity and its races. Original localities (1-45, Table 1, Figure 1 ) were grouped into sixteen populations reflecting the 13 races determined by Dutkowski and Potts (1999) , as well as some new populations (Tidal river, Phillip Island and Port Davey, Figure 1 ). Sample locations and DNA extraction protocols are given in Steane et al. (2006) and Jones et al. (2013) . A sample of 29 individuals collected throughout Portugal was added for later analysis, representing a 17 th population of unknown Australian origin. Four samples of known Australian origin (Furneaux region) were included in the Portuguese sample and treated as blind controls.
Twenty four microsatellite (SSR) markers were selected to cover the linkage groups in the Eucalyptus genome (Table 2 ) and amplified to provide genotypes for the 397 samples using the conditions described in Glaubitz et al. (2001) , Steane et al. (2001 ), Brondani et al. (2006 .
Amplified DNA fragments were separated by electrophoresis on 0.25-mm-thick 65% polyacrylamide gels and visualized using a DNA sequencer (Gene Readir 4200; LI-COR 
Data analysis
Population-level genetic parameters were estimated. Allelic frequencies were generated with GENALEX v6.5 (Peakall and Smouse 2012) . The number of alleles per loci (A), the number of effective alleles per loci (Ae), and allelic richness (Ar) were calculated with FSTAT v2.9.3 (Goudet 1995 (Goudet , 2001 ). The observed (Ho) and expected (He) heterozygosity, the inbreeding coefficient (Fis) and the Hardy-Weinberg Equilibrium (HWE) were calculated with the software FSTAT and GENEPOP v4 (Rousset 2008 (Jost 2008; Meirmans and Hedrick 2011) .
The genetic structure was investigated with a Bayesian model-based clustering method implemented in the software STRUCTURE v2.3.4 (Pritchard et al. 2000) . All the analyses were conducted using a discarded burnin of 300,000 steps, followed by 800,000 Markov Chain Monte Carlo (MCMC) steps. Ten independent runs were performed for each cluster K (K = 1 to K = 16). All the analyses were based on the "admixture" and "correlated allele frequencies" models and the outputs were consistent in all iterations. STRUCTURE HARVESTER v0.6.92 (Earl and vonHoldt 2012) was used to extract the results. The optimum number of genetically distinct clusters was determined based on the maximum value of "mean posterior probability" across replicates (Pritchard et al. 2000) and also on the Evanno test (Evanno et al. The degree of population subdivision was also explored with the R-package GENELAND v4.0.2 (Guillot et al. 2005b ). This program, as well as STRUCTURE, is based on Bayesian clustering model, executed in a MCMC scheme, attributing individuals to subpopulations based on its genetic information. However, GENELAND also uses the spatial coordinates as prior information at an initial stage of the simulation, which may provide a better estimation of the number of clusters (Guillot et al. 2005a ). Ten replicates were performed, with the following parameters: the number of subpopulations (clusters, K) varied from 1 to 16 with 1,500,000 MCMC iterations and a thining of 100. The "Dirichlet model" was used as the alternative model, and it was verified to have a tendency to overestimate the number of clusters (Guillot et al. 2005a ). The ten replicates were ordered by the values of "mean logarithm of posterior probability" and the three best analyses were processed and visually verified for consistency. Nei et al. (1983) DA distance implemented in POWERMARKER was calculated for pairwise populations/races. Bootstrapping over loci with 1000 replications was carried out to assess the strength of the evidence for the branching patterns in the resulting Neighbor Joining tree. A consensus tree with bootstrap values was reconstructed by the consensus program of PHYLIP (Felsenstein 2006 ) and displayed by FIGTREE v1.3.1 (Rambaut 2014) .
In order to estimate the proportion of genetic variability explained by the subpopulations inferred by GENELAND and STRUCTURE, an Analysis of Molecular Variance (AMOVA) was conducted in ARLEQUIN.
The analysis examines the hierarchic proportion of total genetic variability "among groups" (Fct), "among populations, within groups" (Fsc), "among individuals, within populations" (Fis) and "within individuals" (Fit). The robustness of the frontiers between clusters was evaluated by comparing the proportion of variance "among groups". (Table 2) , suggesting many alleles were relatively rare. The observed heterozygosity (Ho) was high in most loci (Table 2) GENELAND analysis consistently revealed a K=8 for all replicates. Although this was a higher number of clusters, these eight groups were congruent with the structure found with K=5 in STRUCTURE and were also nearly identical to the STRUCTURE solution at K=8. (Figure 3 ) with 65% bootstrap support. One other difference was the splitting of the Port Davey race from the group that contained most of the Tasmanian races. The last difference was the splitting of the group joining the adjacent Tidal River and Wilsons Promontory races.
In general and in both the K=8 and K=5 solutions, the attribution of populations to clusters coincided with geographic distribution (Figures 1 and 2 ).
Most clusters were very homogeneous and showed little admixture apart from NE Tasmania The AMOVA results were used to study the partitioning of the genetic variation at both values of K obtained (K=5 and K=8, Table 3 ). The analysis showed that most of the diversity was found "within individuals" (Fit=87% in both K). All other partitions of the genetic variances were small. There was also no difference in the proportion of the variation among individuals within populations (Fis=3.6%) between K=8 and K=5. However, there were small differences between in the proportion of the variance between K=8 and K=5 in the proportions of the variance groups (Fct) and among populations within groups (Fsc). The major proportion of difference between groups (Fct) was obtained when the populations were classified in eight groups (5.94% vs 3.63%).
The neighbor-joining phenogram illustrates the relationship among the 16 E. globulus populations based on Nei's (1983) genetic distance with bootstrap values (Figure 3 Davey, in contrast to the results from the Bayesian analysis.
Portuguese landrace
The Portuguese population was highly polymorphic, with a mean of 28. D r a f t architecture of genetic diversity is expected from using more markers (Luikart et al. 2003) . The level of genetic diversity, as measured using the heterozygosity statistics (Ho and He) as well as those measuring allele diversity was high, which agrees with similar results reported previously, in E. globulus (Steane et al. 2006; Ribeiro et al. 2011 ) but also in other eucalypt species (Arumugasundaram et al. 2011; Faria et al. 2011 ). However, genetic diversity was not as high as in eucalypt species with more continuous (connected) distribution, such as Eucalyptus obliqua and E. pauciflora (Bloomfield et al. 2011; Gauli et al. 2014 ) .
Meirmans and Hedrick (2011) Although most of the variation in E. globulus is found within individuals significant but small proportions of the variation can be ascribed to various levels of tree groupings (locality, race or STRUCTURE groups). Similar results were found using different types of markers (i.e. RAPD, Nesbitt et al. 1995) and other SSR studies of this species (Steane et al. 2006; Yeoh et al. 2012; Jones et al. 2013) . Species with large population and that are more continuous in their distribution have smaller proportions of their variation between individuals, populations and groups (Bloomfield et al. 2011; Gauli et al. 2014 ).
The genetic structure of E. globulus uncovered in this study is congruent with that found in previous studies using SSRs (Steane et al. 2006; Yeoh et al. 2012; Jones et al. 2013) , and consistent with geography. Differences between studies appear to result from differences in sampling. and small population at Wilsons Promontory may be due to drift as evidenced by its low genetic diversity (Jones et al. 2013) , which may also be the case for Port Davey. The studies of cpDNA (Freeman et al. 2001 (Freeman et al. , 2007 have shown strong connections, through sharing of haplotypes, between the populations in Bass Strait (King Island and Furneaux) and those on the mainland.
A relatively high level of genetic diversity was found in the Portuguese landrace. Molecular evidence suggests that the Portuguese landrace is dominated by genetic material from southern and eastern Tasmania. The high levels of genetic diversity contradict the suggestions that the Portuguese landrace may have been derived from a very narrow original collection (Eldridge et al. 1993; Potts et al. 2004 ) and this is supported by a previous molecular study (Freeman et al. 2007 ) that used seven nuclear SSR and one cpDNA marker. Freeman et al. (2007) found that the Portuguese landrace had a level of genetic diversity intermediate between that of an average race and that found in the species as a whole. In this study, the samples of the Portuguese landrace displayed a higher level of diversity than found overall in the species. The difference between studies may be due to differences in sampling of the landrace. The predominantly southern/eastern Tasmanian origin of the Portuguese landrace is consistent with D r a f t evidence from quantitative data (Lopez et al. 2001 ) and the previous molecular study (Freeman et al. 2007 ). However, Freeman et al. (2007) found that a few samples of the Portuguese landrace had affinities to other races, such as the Furneaux Islands, King Island and mainland Australian races (e.g.
Otways and South Gippsland). This discrepancy may again be due to differences in sampling or because 
